Abstract-Ion cyclotron resonance heating has been investigated, both experimentally and theoretically, on the Wisconsin Levitated Octupole. Heating of both ions and electrons has been obseryed. Typically, a two component ion energy distribution is produced (300 and 50 eV) with 500 kW of r.f. power coupled into a 5 x 10" cm-3 plasma. Power is coupled to the plasma with an antenna that also serves as the inductor of an oscillator tank circuit. The oscillator is tunable from 1 to 3 MHz and can be applied for periods up to 10 ms. The experiments were performed with hydrogen, gun-injected plasmas. Most of the theoretical work presented deals with a calculation that predicts the plasma loading. A slab model is used, and the questions of accessibility, polarization and damping of the evanescent radio frequency eiectromagnetic fields are addressed. It is found that cold plasma theory cannot account for the heating, and therefore hot plasma theory is invoked to explain the results. The loading measurements and theoretical predictions are found to be in reasonable agreement.
I N T R O D U C T I O N
WAVE heating of magnetically confined plasma has become a major focus of numerous plasma physics experiments and theoretical studies (STIX, 1975; PERKINS, 1977; SCHARER et al., 1977; HOSEA et al., 1979; COLESTOCK et al., 1980; BIDDLE et al., 1981; OWENS et al., 1983) .
We report here, high power ICRH experiments on the Wisconsin Levitated Octupole. The experiments were performed with hydrogen, gun-injected plasmas at the fundamental ion cyclotron frequency. This work, in some respects, is an extension of earlier research done on the Small Toroidal Octupole at the University of Wisconsin (BARTER and SPROTT, 1977) . The experiments presented here were done on a larger machine, at higher density (1012-1013 cm-3 vs 101o-lO1l cm-3 in previous experiments)? and higher r.f. power (-500 kW vs -100 kW in previous experiments).
Though similar in design, the new parameter regime brought both some expected and unexpected results. For example, electron drag becomes a power loss channel for the ions, thus making impurity radiation an important process for power balance. Also, the plasma loading is observed to be lighter than was originally expected from a simple density and size scaling from previous experiments.
A theoretical model for calculating the loading is presented, and with certain simplifying assumptions the questions of accessibility, polarization, and damping are addressed. The model provides a predicted effective plasma resistance which can be compared with experimental measurement. Measurements of the evanescent toroidal component of the r.f. electric field in the presence of plasma can be made and provide an additional test of the theory.
Atomic processes dominate the power balance, the most important being charge exchange for the ions, and impurity radiation for the electrons.
A P P A R A T U S A N D D I A G N O S T I C S
The Wisconsin Levitated Octupole has been described by FORSEN et al. (1970) . The machine is a toroidal device with four internal rings which are inductively driven to form an octupole poloidal field. A capacitor bank and the primary windings on an iron core form an LC resonant circuit with a half-period of43 ms. Plasma experiments are run near peak field, at -21 ms. The rings are supported by prods which can be pneumatically removed for 20 ms during which the plasma experiment is performed. A combination of magnetic pressure and inertia keeps the rings stationary or levitated until the prods are reinserted after the experiment. Most of the data presented here were without levitation. The maximum available poloidal field is 11.6 kG at the inner rings and 5.6 kG at the outer rings. The poloidal field strength is specified by the capacitor bank charging voltage (maximum 5 kV). The center of the machine has three closely spaced field nulls, and so most of the plasma is situated in a minimum average B magnetic well.
Ion temperatures are measured with a charge exchange analyser and an electrostatic gridded energy analyser probe. The charge exchange diagnostic is a single channel, 127', curved plate, electrostatic analyser with a nitrogen stripping cell. It is located on the top lid of the machine azimuthally away from the antenna. We measure typically a two component, Maxwellian, ion distribution function as shown in Fig.  1 . The relative populations indicated in Fig. 1 The r.f. source (Fig. 2) is a tuned-plate, tuned-grid, class C , push-pull oscillator. The tubes are operated with tuned-grid feedback, and the oscillation frequency (1-3 MHz), is chosen by adjusting the capacitance of the plate tank circuit. The antenna is Faraday shielded, spans 120" in the toroidal direction, and serves as the inductor of the plate tank circuit. The source can supply -2 MW of r.f. power to the tank circuit for 10 ms. Typically 500 kW is coupled to a 5.0 x 10" cm-3 plasma. The plasma loading is determined by measuring 3 y what amount the plasma spoils the Q of the tank circuit. The ratio of circulating current (Ic), measured by a cali'orated pick-up loop located under the antenna, to the d.c. drive current ( I -) coming from the pulse forming network, provides an indication of the Q. Since the oscillator is operated class C , rhe fundamentai r.f. drive current I , is not easily measured and so the Q cannot be directly determined from the simple relation Q = I c / I d . However, using known resistive loads, and thus a known Q, the calibration is determined in terms of the easily measured quantities I , and I -. The Q without plasma is measured and determines the effective series resistance without plasma (96 mQ). The total power dissipated in the circuit is oLI?/Q, and the antenna losses are subtracted to get the power dissipated in the plasma, Pplasma. We define the plasma radiation resistance as RRAD = Pplasma/I?. Typically we observe coupling efficiencies of -SO%, that is, about equal amounts of power are dissipated in the plasma and in the antenna and shields. Figure 3 shows the Octupole poloidal field lines, the position of the antenna, Faraday shield, and a typica!, resonant, mod-B surface. There are two classifications of flux surfaces: private flux, which encircles one ring, and common flux, which encircles all four rings. The separatrix, I)sep, is the flux surface that separates the two regions of flux. Note that there are actually 3 separatrices, each passing through one of the 3 field nulls. The usual single field null for an octupole is non-degenerate in this case due to the machine wall noses which allow for the levitation. The outermost dashed line in Fig. 3 is called the critical surface, qcrit, and marks the boundary between average good and average bad curvature. As a matter of convenience, the poloidal flux surfaces are labelled in units of Dories with 10 Dories being the total flux that enters the machine through the gap. At the time of peak field (21 ms) I)sep 2. 5.7, I)crit = 7.8 and in the lower outer bridge I) 2 2.5 is at the ring. At maximum field strength, 10 Dories corresponds to 0.72 Webers of poloidal flux.
*'IS
WiSCONSiN LEVITATED OCTUPOLE FIG. 3.-Gctupole poloida: field lines with a typical resonance zone. The antenna is Faraday shielded, spans 120' in the toroidal direction, and is located on the mid-cylinder.
HEATING T H E O R Y
Fundamental heating of ions requires the presence of a left-hand, circularlypolarized component of the r.f. electric field at a region in the plasma where the local ion gyrofrequency matches the frequency of the r.f. The theoretical approach evolves in a systematic manner from the usual homogeneous cold plasma theory to the hot plasma corrections and finally to a damping model from which the plasma loading can be predicted. We start by considering cold plasma theory as formulated by STIX (1962) . We use the standard slab coordinate system to model the plasma in the region near the antenna. The magnetic field lines lie in the z-direction (major radius), any gradients lie in the x-direction (vertical), and everything is assumed symmetric in the y-direction (toroidal). Assuming I E , I < I E, I and 1 E, I 6 I E, 1 as done by STIX (1975) , the polarization in the ion cyclotron range of frequencies from the cold plasma wave equation is where P = + 1 for the right circular polarization, -1 for left circular polarization and 0 or m for linear polarization, o is the r.f. frequency, o, the ion gyrofrequency, cop the ion plasma frequency, and k, the parallel wavenumber. The important point is that for w = U,, P = 1, and the electric field is right circularly polarized for all values of density and parallel wavenumber. Since the heating of ions depends on the presence of a left circularly polarized component of the r.f. electric field at the resonance zone, the cold plasma model would predict zero heating. Digressing from the question of polarization for the moment we predict the magnitude of the r.f. electric field at the resonance zone using an inhomogeneous cold plasma slab model.The cold plasma wave equations become (BERS et al., 1980) 
where S and D have the usual cold plasma definitions as defined by STIX (1962) and k , is the vacuum wavenumber. The differential equation for E, is solved numerically using density and magnetic field profiles typical of the experiment near the antenna. The numerical results show no singularity in E, at the point where Skg = k:. A detailed discussion of this apparent singularity has been given by STIX (1960) . The equation is also solved for the vacuum case. The results show that the y-component of the r.f. electric field is evanescent and that the evanescent length with plasma is only -15% shorter than the vacuilm case in the region up to, and slightly beyond, the resonance zone. The E, component of the r.f. electric field is measured with a magnetic loop both in vacuum and in the presence of plasma. The probe used to measure E, is not the usual local magnetic pickup loop which with k, = 0 measures dE,/dx or 3,. The magnetic probe used here is long (in x) and narrow (in y) and effectively integrates the curl E equation by measuring all the flux (3,) between the probe tip and the wall. With k, = 0, and'one end of the probe outside the machine (where E = 0), 1E.dl around the loop has a contribution from the tip only and so the signal is proportional to E, at the end of the probe. The results of the measurements are shown in Fig.  4 . The plasma depresses the r.f. electric field near the B = 0 axis, but the fields penetrate well up to the ion cyclotron resonance zone indicating good qualitative agreement with the cold plasma theory. However, the cold plasma theory still predicts the electric field to be purely right circularly polarized at the resonance zone. If the width of the zone of elliptical polarization between the antenna (linear polarization) and the resonance zone (circular polarization) were negligible ( 5 ion gyroradius) then we might argue that it is a good approximation to use the vacuum field polarization (linear) despite the fact that cold plasma theory predicts the fields to be purely right circularly polarized exactly at the position of the resonance. However, for the densities and temperatures in the present experiment, the width of this zone, as determined from solving for E,(x) and E,(x), is not negligible, and so hot plasma theory is invoked to account for the heating.
To lowest order the hot plasma corrections (McVEY, 1978) to the cold plasma conductivity tensor elements, § and D are, where Here c( indicates the particle species, U , is the thermal speed = (2kT,/mJ1I2 and Z is the plasma dispersion function of argument 5. This lowest order correction essentially takes into account a broadening of the resonance zone due to a Doppler shifted r.f. frequency as seen by the ions as they move along field lines. The Doppler shift is larger for short wavelength modes.
The vacuum E, field is measured to have an approximate gaussian profile off the mid-cylinder at a constant height above the antenna, where y is the gaussian width and depends on the height ( y) above the antenna. The vacuum field is Fourier analysed, and the plasma response to the polarization is calculated for each k, component and then inverse Fourier transformed numerically to get the magnitude of E + at the resonance zone (FORTGANG, 1983) . It is found for example, for a 1 x lOI3 cmP3 plasma density at the resonance zone, and Ti = T, = 300 eV, and a k, spectrum determined by setting y = 8.6 cm, that IE + / E -1 = 0.23. The temperature dependence of the loading as determined by this heating theory is shown in Fig. 5 . We plot the product nE L2, which is proportional to the loading, as a function of density for various plasma temperatures. The k, spectrum for this case was determined by setting 7 = 8.6 cm and is equivalent to what is measured experimentally near the antenna. Note that as the density drops the plasma shielding of E + becomes less severe as expected. For our experiments, the plasma density where the resonance zone comes closest to the antenna is usually in the range of 1.0-4.0 x 1OI2 ~m -~. For these densities and lower, the loading as predicted by this model is not very sensitive to the plasma temperature above 20 eV.
The heating rate is determined by introducing an imaginary part to the r.f. drive frequency (v < o) and then calculating the power absorbed by the plasma per unit volume according to the relation
where o is the cold plasma conductivity tensor modified with a dissipative mechanism introduced through the effective collision frequency v. This model was used by BARTER and SPROTT (1977) to calculate the heating rate in the Small Toroidal Octupole, and their result in a slightly different form is where Bo is the magnetic field at the ion cyclotron resonance, P is the power absorbed, and e is the electronic charge. The magnitude of E + at the resonance zone is estimated from the hot plasma slab model and depends on the plasma temperature and density as well as the k, spectrum set up by the antenna and introduced through the parameter y. Note that though the expression for the power absorbed is the same as that used by BARTER and SPROTT (1977) here we include the plasma effects on E' whereas in the earlier work the vacuum electric field was used. The results of the heating theory are presented along with the experimental measurements in the next section. Figure 6 shows how the loading varies with magnetic field strength, expressed in terms of the charging voltage on the poloidal field capacitor bank. The data were taken at a reduced r.f. power level of 125 kW. The loading was normalized to the separatrix density (9.3 x 10'' cm-3 k 10%) for the different field settings. The top theoretical curve shows the damping model with the vacuum electric field (assuming the plasma had no effect on the magnitude or polarization of the r.f. electric field). The second theoretical curve takes into account the hot plasma effects for a value of y = 8.6 cm. As mentioned above, gamma is the parameter in the hot plasma theory that determines the k, spectrum. Since the ion temperature is observed to vary somewhat linearly with magnetic field (discussed below) this effect was put into the theoretical curve by having Ti vary from 75 eV at B, = 3.5 kV to 150 eV at B, = 5.0 kV.
LOADING AND HEATING RESULTS
T, was set to 40 eV for all fields. It turns out, however, because the plasma shielding has a weak temperature dependence, that putting in a field-dependent ion temperature has only a small effect on the theoretical curve. The loading is nearly independent of magnetic field because, as the magnetic field strength is lowered and the resonance zone moves closer to the antenna, the r.f. electric field strength increases but the density at the resonance zone decreases. Since the loading is proportional to HE+^, these effects tend to cancel. The hot plasma theoretical curve decreases at higher fields because the resonance zone is in a region of higher density and thus the plasma shielding of E + is more effective (Fig. 5) . However, the experimetltal data do not show the same qualitative feature that the loading is less at the higher fields. One possible explanation is that at the higher field settings the resonance zone is in a region of greater magnetic field line curvature which means a greater departure from the slab model approximation. Whereas in the slab approximation, energy must propagate across field lines directly from the antenna to the resonance zone, in the Octupole, energy can be transmitted to the resonance zone near the center of the machine along field lines that curve down past the sides of the antenna. This effect is not treated in the slab model. Figure 7 shows how the loading scales with density for a constant magnetic field strength at 4.5 kV on the poloidal magnetic field capacitor bank which corresponds to a field of 1.12 kG at the Faraday shield. Again we include the theoretical result using the r.f. vacuum electric field. It is interesting to note that the experimental data scale less than linearly with density, more like no.'. This is in qualitative agreement with the observation that the plasma shielding of E + is more complete as the density increases. The theoretical curve with the hot plasma correction is for :i = 8.6 cm, Ti = 150 eV, and T, = 40 eV. The theoretical plot shows the loading begixl to saturate at the higher densities (for reasons already discussed) whereas the experimental data continue to rise. Other coupling mechanisms besides ion cyclotron damping, such as excitation of electrostatic ion cyclotron waves near the perpendicular ion cyclotron resonance and/or fast waves, may become important at the higher densities.
The r.f. target plasmas are produced with a coaxial Marshall gun (MARSHALL, 1960) . A typical shot is shown in Fig. 8 . The r.f. is turned on simultaneous!y with gun injection and turned off 9.5 ms into the shot. The ion temperatures in Fig. 8 were measured with a charge exchange analyser. By 2 ms into the shot a hot tail appears which for this case (4.5 kV on the B, bank) is at 300 eV. It has been observed that the electron temperature is very sensitive to machine cleanliness. The shot shown in Fig. 8 is for a clean machine. For a dirty machine the electron temperature falls for the first few miiliseconds due to the high impurity concentration and then recovers as the low Z impurities start to burn out.
The r.f. does effect both the particle confinement and reflux rate. Figure 9 shows the interferometer signal for various charging voltages on the pulse forming network (PFN). The voltage on the PFN is proportional to the antenna voltage or the square root of the r.f. power. In Fig. 9 the highest r.f. power case and the case with gun only have similar density traces. However, at intermediate power levels the density is higher than without r.f., indicating enhanced reflux. Apparently there are two competing processes. Plasma particle confinement is worse with r.f., but at the low power levels the enhanced reflux gives rise to a net increase in density. As the power is raised, plasma is lost at a rate fast enough to cancel the incoming cold hydrogen gas and impurities. The hot ion temperature is strongly dependent on magnetic field strength as illustrated in Fig. 10 . The abscissa is the magnetic field at the antenna. It is interesting to compare these data with Fig. 6 which shows that the loading is only weakly dependent on the magnetic field. Therefore, the ion temperature dependence on magnetic fieid must be related to confinement rather than heating. One possibility for the hot ion temperature dependence on magnetic field is that the higher fields have the resonance zone farther from the machine wall where the neutral density is lower, yielding a lower charge exchange rate. However, it has been observed that the hot ion temperature, as opposed to the magnitude of the hot ion population, is fairly insensitive to changes in gettering and thus hydrogen reflux rate. Other possibilities are truncation of the ion energy distribution function at high energies (> 2 keV) due to a gyroradius limit in the region where the resonance zone crosses the mid-cylinder near the antenna, and anomalous B-dependent radial transport. It is not well understood at this time why the hot ion temperature is dependent on magnetic field whereas the loading is not. A gridded ion energy analyser probe was used to investigate ion temperature profiles. Profiles were taken in the bridge region azimuthally away from the antenna. Therefore, ions heated over the antenna drift toroidally and move along field lines poloidally in order to reach the probe. Ion temperature and ion saturation current profiles near the end of the r.f. pulse are shown in Fig. 11 . The probe can be oriented in two directions with respect to the magnetic field to read either the "perpendicular" or "parallel" ion temperature. The saturation current peaks on the separatix (I) = 5.75) as it usually does in non-r.f.-heated plasmas, but the ion temperature peaks in the common flux region at I) = 6.5 which is the flux surface that crosses the resonance zone near the antenna. (The flux surface that is tangent to the bottom of the resonant mod-B surface for this case is I) = 6.8.) An electron temperature profile taken on the mid-cylinder, directly above the antenna, shows similar behavior with T, peaking between I ) = 6.5 and 6.8. The electron temperature is observed to be very sensitive to machine wall conditions. Figure 12 shows that 3WO% increases in T, are made by turning up the titanium getters. It has been observed that one signature of a clean machine is T, rising monotonically in time during a shot. A dirty machine, even at full r.f. power, will have T, fall from the initial 15-20 eV during the first few milliseconds of the r.f. pulse before starting to rise.
With highly convoluted field lines and an antenna that spans 120" toroidally, the Octupole is a truly three-dimensional machine. This fact makes it difficult to model all the atomic and classical particle effects that are taking place. However, global type measurements with a bolometer and the charge exchange analyser indicate that impurity radiation and charge exchange are the dominant energy loss mechanisms. Calculations considering only classical ion heat conduction predict very large and sharply peaked ion temperature profiles that are not consistent with the experimental data. Electron energy confinement times have been measured anywhere from -1 to N 5 ms depending on machine cleanliness. The measured hot ion temperature varies little with electron energy confinement, consistent with the assertion that charge exchange is dominant for the hot ion species in a mid-1012 cm-3 plasma. As a check to determine if coulomb collisions between the various species (hot ions, cold ions and electrons) is consistent with the observed temperatures, a simple zero-dimensional computer code was written to calculate the time evolution of the temperature for each species. The processes included are: coulomb collisions between the various species, charge exchange on the ions (using a neutral density of 1 x 10" cm-3 which is a factor of 3-5 above the machine base pressure between shots), a loss term for the electrons to represent impurity radiation, and r.f. power into the hot ions. The calculated equilibration times for the species are all within the range of 1.0-2.5 ms, and experimental parameters are used wherever possible (e.g. input r.f. power, plasma density, initial temperature, fraction of hot ion). The results of this simple model are within a factor of two of the experimentally measured temperatures and temperature decay times.
SUMMARY
Ion and electron heating have been observed with the application of radio frequency power in the ion cyclotron range of frequencies. Electron and ion temperatures are raised to 40-60 eV with an ion tail at 300 eV , which otherwise, without the application of r.f., would be near 10 eV or less.
The toroidal electric field penetrates to the ion cyclotron resonance zone in accordance with an inhomogeneous cold plasma slab model. The heating theory is tested by comparing the plasma loading with a theoretical heating rate calculation including warm plasma effects. The theory and experiment are in reasonable agreement.
